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A B S T R A C T

Background: We sought to determine whether leucine zipper protein 2 (LUZP2) could benefit men with prostate
cancer (PCa) undergoing radical radiotherapy (RT) or prostatectomy (RP).
Methods: Analysis was done on differentiating expression, clinical prognosis, co-expressed genes, immune infil-
tration, and epigenetic changes. All of our analyses were done using the R software (version 3.6.3) and the
appropriate packages.
Results: In terms of PCa, tumor samples expressed LUZP2 more than normal samples did. In the TCGA database
and GSE116918, we found that LUZP2 was the only independent risk factor for PCa. The shared enriched
pathways for patients undergoing RP or RT were cell-cell adhesion, regulation of filopodium assembly, and
extracellular matrix containing collagen. With the exception of TNFRSF14, we discovered that LUZP2 was
negatively correlated with 21 immune checkpoints in PCa patients receiving RT. We found a significant inverse
relationship between LUZP2 expression and the tumor immune environment, which included B cells, CD4þ T
cells, neutrophils, macrophages, dendritic cells, stromal score, immune score, and estimate score, in patients
receiving RP or RT. Additionally, tumor purity was positively correlated with LUZP2. We found that the drug
bortezomib may be susceptible to the LUZP2. DNA methylation was significantly associated with the mRNA
expression of LUZP2 in PCa patients from the TCGA database, and LUZP2 methylation was positively correlated
with immune cells. The proliferative activity of various PCa cells, which correlated to different stages of this
disease, was also found to be significantly reduced by LUZP2 reduction, according to the results of our experi-
mental work.
Conclusions: We proposed a relatively comprehensive understanding of the roles of LUZP2 on PCa from the fresh
perspective of senescence.
1. Introduction

According to the most recent cancer statistics [1,] prostate cancer
(PCa) is the leading cause of tumor morbidity in men worldwide. Despite
having a 5-year survival rate of up to 98%, PCa cancer-specific mortality
accounted for 11% of all male malignant tumor-related fatalities [2].
Currently, active surveillance, radical prostatectomy (RP) or radical
radiotherapy (RT), androgen deprivation therapy, and chemotherapy are
used to treat PCa, depending on clinical stages, Gleason score, patient
performance, and life expectancy [3]. RP or RT are the preferred ap-
proaches for patients with localized PCa, with biochemical recurrence
(BCR) occurring in 27%–53% of RP patients and 10–70% of RT patients,
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respectively [4, 5]. Men over the age of 65 are more likely to develop
PCa, and by 2050, nearly twice the current population (over 1.5 billion
people) will be over the age of 65 [2,6]. PCa is an age-related disease
whose social conundrum can be exacerbated by global population aging
[7].

The role of senescence is attracting considerable critical attention in a
variety of fields. Senescent cells exhibit a failure to re-enter the cell cycle
in response to mitogenic stimuli, an enhanced secretory phenotype, and
resistance to cell death in a variety of tissues during physiological and
pathological processes such as tissue remodeling, injury, cancer, and
aging [8]. As a result, senescence acts as a strong barrier to tumorigenesis
in cancers, and inducing senescence in cancer cells may be a potentially
g).
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therapeutic approach [8]. PCa and aging are linked in a subtle way. In
contrast to other organs, prostate tissue does not lose tissue mass or its
ability to regenerate as it ages. Instead, its volume is increasing [9]. PCa
is an age-related disease, and from the standpoint of senescence, leucine
zipper protein 2 (LUZP2) was identified as a potential target of PCa via a
senescence-related database (SeneQuest, http://Senequest.net) [10].

LUZP2 is found on Chr11p13–11p14 and encodes a leucine zipper
protein, the deletion of which has been linked to low grade glioma,
Alzheimer's disease, and schizophrenia [11, 12, 13, 14, 15]. Zhao et al.
[16] investigated the expression of androgen receptor-regulated
enhancer RNAs and associated mRNAs in the FTO, LUZP2, MARC1,
and NCAM2 loci in terms of PCa. Surprisingly, they discovered that
LUZP2 mRNA expression was higher in primary tumors than in normal
prostate tissues, but decreased again in metastatic castration-resistant
PCa [16]. However, no detailed study of LUZP2 in PCa has been con-
ducted thus far. We investigated the potential role of LUZP2 in PCa pa-
tients undergoing radical prostatectomy (RP) or radical radiotherapy
(RT) in this study. Our research has been submitted to the ISRCTN reg-
istry (No. ISRCTN11560295).

2. Methods

2.1. Cell lines and reagents

Human normal prostate epithelial cell (RWPE-1) was purchased from
Zhongqiao Xinzhou (https://www.zqxzbio.com/Index/p_more/pid/
779.html) and cultured in matched keratinocyte complete medium.
Human normal prostate stromal cell (WMPY-1) was purchased and
authenticated from cell bank (Chinese Academy of Sciences, Shanghai,
China) and cultured in DMEM (Invitrogen, CA, United States) with 10%
fetal bovine serum (FBS) (CxCell BIO, Uruguay). Human PCA cell lines,
LNCap, PC3 and DU145, were purchased and authenticated from cell
bank (Chinese Academy of Sciences, Shanghai, China). Human PCA cell
lines, C4-2 and C4–2B were purchased from BNCC (https://www.bncc
.org.cn/). LNCap, C4-2, C4–2B and DU145 were cultured in RPMI me-
dium 1640 (Gibco) with 10% FBS and 5% penicillin-streptomycin solu-
tion. PC3 was cultured in DMEM/F12 (Gibco) with 10% FBS and 5%
penicillin-streptomycin solution. All cells were incubated in 5% CO2
incubator at 37 �C and were tested for mycoplasma free via a myco-
plasma detection kit (Thermo Fisher Scientific, United States).
2.2. Data collection

Using the R package “inSilicoMerging” [18], we combined four
datasets from our previous study [17], including GSE46602 [19],
GSE32571 [20], GSE62872 [21], and GSE116918 [22], and removed the
batch effects using the “removeBatchEffect” function of R package
“limma (version 3.42.2). The mRNA matrix was extracted from the
merged datasets, and three datasets [19, 20, 21] containing 360 tumor
and 209 normal samples were used to identify the differentially
expressed genes (DEGs) defined by llogFCl 0.4 and p. adj. 0.05. Following
that, we downloaded standardized PCa data from the UCSC XENA [23],
and the above methods were used to proceed with the 498 tumor and 52
normal tissues in the TCGA database to determine the mRNA matrix of
DEGs. We discovered the common senescence-related DEGs by
combining senescence-related genes [10] and DEGs from the TCGA and
GEO datasets [23, 24, 25]. The DEGs associated with biochemical
recurrence (BCR)-free survival, namely candidate genes, were identified
in 248 PCa patients undergoing RT in the GSE116918 [22] database and
430 PCa patients undergoing RP in the TCGA database. Through uni-
variate and multivariate COX regression analysis, we were able to iden-
tify the independent risk gene (LUZP2) for PCa patients undergoing RP or
RT. We investigated the clinical correlations of LUZP2 in the TCGA
database and GSE116918 [22], as well as the differential expression of
LUZP2 in pan cancer using the TIMER 2.0 [24].
2

2.3. Genetic correlation and functional enrichment analysis

The above DEGs were used to identify genes related to LUZP2 using
Spearman analysis (p 0.001), which was then used to conduct a Gene
ontology (GO) analysis to investigate possible biological functions and
signaling pathways affected by LUZP2 [25]. Biological process (BP), cell
composition (CC), and molecular function (MF) were all included in the
GO analysis (MF). The PCa patients in the TCGA database or GSE116918
[22] were divided into two groups based on the median expression of
LUZP2. The GSEA was then performed using “c2. cp.kegg.v7.4. sym-
bols.gmt” from the molecular signatures database [26]. P. adjust ¼ 0.05
and false discovery rate ¼ 0.25 were considered statistically significant.
2.4. RNA modifications and tumor immune environment (TME)

The Spearman correlation analysis was used to investigate the rela-
tionship between the expression of LUZP2 and RNA modification-related
genes (m1A, m5C, and m6A). Using the Timer and Estimate algorithms, a
similar analysis was performed for checkpoints and immune parameters
[27, 28]. We investigated LUZP2 drug sensitivity using GSCALite, which
included data from the genomics of drug sensitivity in cancer (GDSC)
[29]. Furthermore, we used Spearman analysis to investigate the rela-
tionship between DNA methylation and LUZP2 mRNA expression. The
TISIDB database was also used to investigate the relationship between
tumor infiltrating lymphocytes and LUZP2 expression or methylation
[30].
2.5. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA from prostate cells were extracted using the animal total
RNA isolation kit (www.foregene.com), and cDNA was synthesized using
the iScript advanced cDNA synthesis kit (BioRad). RT-qPCR analysis was
performed using the real time PCR easy™-SYBR Green I (FOREGENE, Cat.
No. QP-01011/01012/01013/01014) according to the manufacturer's
instructions. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal control. GAPDH: 50- CTGGGCTACACTGAGCACC-3’
(forward) and 50-TCC AAGTGGTCGTTGAGGGCAATG-3’ (reverse);
LUZP2: 50- AGCAGCTCTTGACAGGGAGT-3’ (forward) and 50-
GTGGGAGTAACATCCGAGTTG-3’ (reverse).
2.6. Small interfering RNA (siRNA) of LUZP2 and cell proliferation

siRNA was designed by HIPPOBIO (www.hippobiotec.com). LUZP2
si-1sense: 50- CGUGUUCCAUGAAGCACAAdTdT-3’; LUZP2 si-1 anti-
sense: 50- UUGUGCUUCAUGGAACACGdTdT-3’. LUZP2 si-2 sense: 50-
GAAUUAGGACAGAAACAAAdTdT-3’; LUZP2 si-2 antisense: 50- UUU-
GUUUCUGUCCUAAUUCdTdT-3’; LUZP2 si-3 sense: 50- GACUAUGAA-
GAGCUAGAAAdTdT-3’; LUZP2 si-3 antisense: 50-
UUUCUAGCUCUUCAUAGUCdTdT-3'. Prostate cells were transfected
using lipofectamine 2000 (Invitrogen) according to the instructions. RT-
qPCR was used to determine the effective siRNAs of LUZP2. Through
transfection of LUZP2 siRNAs, the effect of LUZP2 on the proliferation of
five PCa cell lines was analyzed by cell counting kit-8 (CCK8) assay at
24h, 48h and 72h.
2.7. Statistical analysis

All analyses were carried out using R (version 3.6.3) and the appro-
priate packages. If the data did not fit the normal distribution, we used
the Wilcoxon test. The prognostic value of LUZP2 was evaluated using
COX regression analysis. The statistical significance level was set to two-
sided p 0.05. The following significance levels were used: no significance
(ns), p 0.05; *, p 0.05; **, p 0.01; ***, p 0.001.
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3. Results

3.1. Identification of LUZP2 and related clinical values

In the TCGA (Figure 1A) and GEO datasets [27, 28, 29] (Figure 1B),
respectively, 6309 and 343 DEGs between PCa and normal tissues were
found. The intersection of the above DEGs and 12289 senescence-related
genes yielded 266 senescence-related DEGs [18] (Figure 1C). Following
that, we identified 12 common DEGs associated with BCR-free survival in
PCa patients undergoing RP in the TCGA database and RT in the
GSE116918 database [26] (Figure 1D). Finally, we discovered that
LUZP2 was an independent risk factor for PCa in both the TCGA database
(Figure 1E) and the GSE116918 [22] datasets (Figure 1F). We also looked
at LUZP2's clinical correlations and discovered that it was significantly
associated with a higher Gleason score in PCa patients undergoing RP (p
¼ 0.002, Table 1) rather than those undergoing RT (Table 2). Further-
more, we found that LUZP2 expression was significantly different in most
cancers (Figure 1G). In terms of PCa, tumor samples had higher levels of
LUZP2 expression than normal samples (Fig. 1A-B and Fig. 1G). The top
ten genes associated with LUZP2 in RP patients were TMTC4, GNCT1,
CACNA1D, RAB3B, DNAJC10, COL9A2, MYO6, CRISP3, UAP1, and ERG
(Figure 1H). The top ten genes associated with LUZP2 in patients un-
dergoing RT were BICD1, CACNA1D, CPNE4, CRISP3, RAB3B, RAL-
GAPA2, SPOCK1, TMTC4, ERG, and MYO6 (Figure 1I).

3.2. Functional enrichment analysis and RNA modifications

The common enriched pathways for patients undergoing RP
(Figure 2A) or RT (Figure 2B) were regulation of filopodium assembly,
collagen-containing extracellular matrix (ECM), cell-cell adhesion
mediator activity, cell adhesion mediator activity, and cadherin binding
involved in cell-cell adhesion. Based on the median expression of LUZP2,
we divided the PCa patients into high- and low-expression groups. Pro-
tein export and aminoacyl tRNA biosynthesis were found to be highly
enriched in the high-expression group of PCa patients undergoing RP
(Figure 2C). Protein export, ribosome, spliceosome, ubiquitin-mediated
proteolysis, and the Notch signaling pathway were found to be highly
enriched in the high-expression group of PCa patients undergoing RT
(Figure 2D).

For patients undergoing RP, m1A analysis showed that LUZP2 was
closely associated with TRMT61A (r: -0.2), TRMT61B (r: 0.16), and
YTHDF3 (r: 0.15) (Figure 2E); m5C analysis showed that LUZP2 was
highly related to NSUN5 (r: -0.17), DNMT1 (r: -0.1), DNMT3B (r: -0.2),
NSUN2 (r: 0.19), NSUN7 (r: 0.35), DNMT3A (r: 0.18), NSUN4 (r: 0.16),
TRDMT1 (r: 0.19), NSUN3 (r: 0.2), NSUN6 (r: 0.16), and TET2 (r: 0.13)
(Figure 2F); m6A analysis showed that LUZP2 was closely associated
with ALKBH5 (r: -0.17), ELAVL1 (r: 0.1), HNRNPC (r: 0.19), LRPPRC (r:
0.24), METTL14 (r: 0.21), RBM15B (r: 0.22), WTAP (r: 0.16), YTHDC2 (r:
0.11), YTHDF3 (r: 0.15), and ZC3H13 (r: 0.11) (Figure 2G).

For patients undergoing RT, m1A analysis showed that LUZP2 was
closely associated with TRMT6 (r: 0.14), YTHDC1 (r: 0.19), YTHDF2 (r:
0.13), and YTHDF3 (r: 0.16) (Figure 2H); m5C analysis showed that
LUZP2 was closely associated with DNMT3A (r: 0.18), NSUN2 (r: -0.18),
and NSUN7 (r: 0.32) (Figure 2I); m6A analysis showed that LUZP2 was
closely associated with ELAVL1 (r: 0.14), HNRNPA2B1 (r: 0.22),
HNRNPC (r: 0.14), METTL3 (r: 0.13), RBM15B (r: 0.17), YTHDC1 (r:
0.19), YTHDF2 (r: 0.13), and YTHDF3 (r: 0.16) (Figure 2J).

3.3. TME analysis and DNA methylation

Except for CD276 and TNFSF4, the Spearman analysis revealed that
LUZP2 was negatively related to 41 immune checkpoints in PCa patients
undergoing RP (Figure 3A). Except for TNFRSF14, we discovered that
LUZP2 was negatively associated with 21 immune checkpoints in PCa
patients undergoing RT (Figure 3B). LGALS9, CD274, KLRD1, ICOSLG,
TNFRSF4, VTCN1, CD40, CD70, CD244, PDCD1LG2, TNFRSF18, LAIR1,
3

CD200, HAVCR2, and LAYN were the most common immune check-
points for PCa patients undergoing RP and RT. We found a significant
negative correlation between LUZP2 expression and TME parameters in
patients undergoing RP, including B cells (r: -0.18), CD4þ T cells (r:
-0.26), neutrophils (r: -0.21), macrophages (r: -0.16), dendritic cells (r:
-0.24), stromal score (r: -0.15), immune score (r: -0.23), and estimate
score (r (Figure 3C). We found a significant negative correlation between
LUZP2 expression and B cells (r: -0.18), CD4þ T cells (r: -0.29), neutro-
phils (r: -0.3), dendritic cells (r: -0.33), stromal score (r: -0.24), immune
score (r: -0.32), and estimate score (r: -0.3) in patients undergoing RT
(Figure 3D). Furthermore, we discovered that bortezomib may be a
potentially sensitive drug to the LUZP2 (Figure 3E).

DNA methylation analysis of PCa patients from the TCGA database
revealed that cg24473393 (r: -0.172; Figure 3F), cg13376598 (r: -0.216;
Figure 3G), cg10345326 (r: -0.112; Figure 3H), and cg08068240 (r:
-0.093; Figure 3I) were significantly associated with LUZP2 m Further-
more, we discovered that LUZP2 expression was negatively associated
with the majority of tumor infiltrating lymphocytes, but LUZP2
methylation produced the opposite results using the TISIDB database
[25] (Figure 3J).

3.4. Cell proliferation

We discovered that LUZP2 was highly expressed in LNCap cells but
was clearly downregulated in PC3 and DU145 cells (Figure 4A). We
discovered that siRNA2 and siRNA3 of LUZP2 could effectively reduce
LUZP2 mRNA expression in C4-2 cells using the RT-qPCR assay
(Figure 4B). Furthermore, these siRNAs could significantly reduce the
ability of LNCap, C4-2, C4–2B, PC3, and DU145 cells to proliferate
(Fig. 4C-G).

4. Discussion

Cellular senescence, which has recently been identified as a compo-
nent of the cancer phenotype, appears to be linked to both degenerative
and hyperplastic diseases of aging [8, 31]. Leucine zipper structures are
typically found at the C-terminus of eukaryotic DNA binding proteins
such as yeast transcription activator GCN4, oncoprotein JUN, FOS, and
MYC, all of which have been linked to oncogene expression and regu-
lation functions [32, 33]. PCa biomarkers appear in an endless stream,
with many of them being used in translational applications. As a result,
we can project our expectations onto LUZP2 [34]. Downregulation of
LUZP2 is linked to cellular senescence [5, which has been linked to a
number of age-related diseases [13, 14, 15, 16]. Only the brain and the
adrenal glands have higher levels of LUZP2 expression [35]. However,
the impact of LUZP2 on oncology has received little attention in the
research literature. The purpose of this study was to determine the role of
LUZP2 in PCa, a serious age-related cancer. We found significantly
different expression of LUZP2 in many cancers, including LGG and PCa,
which is consistent with previous research [11, 16]. Downregulation of
LUZP2 was significantly associated with poor prognosis in PCa patients
receiving RP or RT, which was consistent with a previous study finding
reduced LUZP2 expression level in metastatic castration-resistant PCa
[16]. Furthermore, a previous study found that LUZP2 mRNA expression
increased in primary tumors compared to normal prostate tissues but
decreased again in metastatic castration-resistant PCa [16]. Our experi-
mental findings supported this conclusion, and we discovered that
reducing LUZP2 could significantly reduce the proliferation activity of
various PCa cells, which corresponded to different stages of the disease.
As a result, LUZP2 may be a prognostic biomarker for PCa patients.

Surprisingly, we discovered that the outcomes of co-expressed genes,
functional enrichment analysis, epigenetic modifications, and TME
analysis were not exactly the same for the two PCa treatments, namely RP
and RT. TMTC4, CACNA1D, RAB3B, MYO6, CRISP3, ERG, CTSB, and
ANXA2 were among the genes that interacted with LUZP2. TMTC4,
which encodes a transmembrane protein, is a gene associated with



Figure 1. Identification of LUZP2 and co-expressed genes (A) volcano plot displaying DEGs between tumor and normal tissues in the TCGA database; (B) volcano plot
displaying DEGs between tumor and normal tissues in the GSE116918 [17]; (C) Venn post displaying the intersection of senescence-related genes and DEGs in the
TCGA database and GSE116918 [17] (D) Venn post displaying the intersection of DEGs associated with BCR-free survival in the TCGA database; (F) forest plot
displaying the results of COX regression using 12 DEGs associated with BCR-free survival for PCa patients undergoing radical radiotherapy in the GSE116918 [17] (G)
the DEGs between tumor and normal tissues in the pan-cancer analysis; (H) heatmap displaying co-expressed LUZP2 genes for PCa patients undergoing radical
prostatectomy; (I) heatmap displaying co-expressed LUZP2 genes for PCa. DEGs ¼ differentially expressed genes; BCR ¼ biochemical recurrence; PCa ¼ pros-
tate cancer.
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Table 1. The correlation between LUZP2 expression and clinical features in the
TCGA database.

Features LUZP2 P value

Low expression High expression

Samples 215 215

Age, median (IQR) 61 (55.5, 66) 62 (57, 66) 0.204

Gleason score, n (%) 0.002

GS ¼ 6 23 (5.3%) 16 (3.7%)

GS ¼ 7 119 (27.7%) 87 (20.2%)

GS ¼ 8 26 (6%) 33 (7.7%)

GS ¼ 9 47 (10.9%) 79 (18.4%)

T stage, n (%) 0.053

T2 88 (20.8%) 67 (15.8%)

T3 123 (29%) 138 (32.5%)

T4 2 (0.5%) 6 (1.4%)

Race, n (%) 0.622

Asian 6 (1.4%) 5 (1.2%)

Black or African American 28 (6.7%) 22 (5.3%)

White 174 (41.8%) 181 (43.5%)

N stage, n (%) 0.359

N0 150 (40%) 156 (41.6%)

N1 29 (7.7%) 40 (10.7%)

Residual tumor, n (%) 0.047

No 147 (35.1%) 126 (30.1%)

Yes 63 (15%) 83 (19.8%)

IQR: interquartile range; GS: Gleason score.

Table 2. The correlation between LUZP2 expression and clinical features in the
GSE116918 [17].

Features LUZP2 P value

Low expression High expression

Samples 124 124

Age, median (IQR) 67.5 (63, 72) 68 (63.75, 73) 0.646

T stage, n (%) 0.931

T1 25 (11.2%) 26 (11.7%)

T2 36 (16.1%) 40 (17.9%)

T3 48 (21.5%) 44 (19.7%)

T4 2 (0.9%) 2 (0.9%)

Gleason score, n (%) 0.152

GS ¼ 6 26 (10.5%) 16 (6.5%)

GS ¼ 7 43 (17.3%) 56 (22.6%)

GS ¼ 8 24 (9.7%) 28 (11.3%)

GS ¼ 9 31 (12.5%) 24 (9.7%)

IQR: interquartile range; GS: Gleason score.
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LUZP2 during surgery and radiotherapy, with 100% and 96.6% sensi-
tivity and specificity for detecting PCa, respectively [36]. Simulta-
neously, CACNA1D, a gene encoding voltage-gated calcium channels, is
thought to be linked to a number of urinary cancers, including aldoste-
rone adenoma and PCa [37, 38]. RAB3B is a gene associated with
senescence and the expression of apoptotic proteins, and its expression
level is strongly associated with glioma progression [39]. CTSB encodes
cathepsin B, a lysosomal cascade component that regulates tumor cell
apoptosis, angiogenesis, and metastasis [40]. Furthermore, MYO6,
CRISP3, ERG, and ANXA2 have been linked to the prognosis of PCa [41,
42, 43]. Glycosylation is a universal target for androgen control in
prostate cancer cells for PCa patients undergoing RP, including GCNT1
and UAP1, both of which are significantly upregulated in prostate cancer
tissue [44]. The effects of COL6A2 and DNAJC10 on bladder and breast
5

cancers have been documented [45, 46], but their roles in PCa remain
unknown. The roles of SPCOK1, BCD1, and RALGAPA2 in PCa are
detected in PCa patients undergoing RT [47, 48, 49], but it is unclear how
CPNE4 affects PCa. In our study, we discovered that the functional
analysis results were concentrated in the tumor's filopodium assembly,
cell adhesion, and ECM, regardless of treatment methods. The combined
effect of the three is to promote cell migration, which regulates cancer
cells' chemotactic migration to invade surrounding tissues and vascula-
ture [50]. ECM, which includes a number of proteins, is required for
tumor cells to absorb nutrients from TME and serves as the primary
structural support and physiological barrier for both tumor cells and
other types of TME cells [51]. Actin polymerizes filopodia, which adheres
to the ECM or adjacent cells via transmembrane receptors [52]. To cross
the physical barrier of ECM in tumor tissues, cancer cells form pro-
trusions that have the ability to remodel and degrade ECM. This type of
filopodium is known as an invadopodium, and its formation is regulated
by chemotaxis and invasion signals, as well as having high proteolytic
activity [53, 54, 55]. Sarcomere, which is primarily composed of actin
and myosin, is another protein involved in the control of cell mobility
and tumor cell metastasis, and its disruption can result in a variety of
tumors, including bladder cancer, lung cancer, and glioma [56, 57, 58,
59, 60, 61]. Oncogenes are genes that code for sarcomeres [62]. In
conclusion, decreased cell adhesion is one of the morphological charac-
teristics of malignant tumors [63], and the primary function of LUZP2
that affects cancer prognosis may be focused on the decrease in cancer
cell adhesion and the increase in motility and migration. Furthermore,
we discovered that protein export was a common mechanism in PCa
patients with high-expression LUPZ2 who underwent RP or RT, which
may be explained by the high consumption of cancer and tissue damage
followed by surgery or radiotherapy. Aminoacyl tRNA biosynthesis was
significantly enriched in the high-expression group of PCa patients un-
dergoing RP. Aside from translation, aminoacyl tRNA synthetase pro-
motes tumorigenesis by forming a large multi-synthetic enzyme complex,
whereas freestanding aminoacyl tRNA synthetase can both promote and
inhibit cancer via signal transduction, angiogenesis, nutritional balance,
and immune response regulation [64, 65]. However, more diverse
pathways were enriched in PCa patients undergoing RT who expressed
higher levels of LUZP2. In patients undergoing RP, the ribosome and
spliceosome pathways may be similar to the aforementioned aminoacyl
tRNA biosynthesis. The major protein degradation systems in eukaryotic
cells are autophagy and the ubiquitin-proteasome pathway (UPP), and
both have been shown to play a role in tumorigenesis [66]. Furthermore,
UPP has been shown to promote senescence, which is tightly regulated by
E3 ubiquitin ligases, deubiquitinases, and various post-translational
modifications of target proteins [66]. Furthermore, the Notch signaling
pathway has been linked to senescence and the senescence-associated
secretory phenotype [67, 68, 69].

m6A is the most common RNA modification in eukaryotic cells [70].
LUZP2 was found to be positively correlated with YTHDF3, ELAVL1,
RBM15B, and HNRNPC in both RP and RP patients. In addition to
YTHDF3 improving target RNA translation efficiency [71], ELAVL1 [72],
RBM15B [73], and HNRNPC [74] were found to be negatively regulating
mRNA splicing and translation. However, the possible m6A modification
effects for the RP or RT groups alone were somewhat unclear. In patients
undergoing RP, for example, LUZP2 was found to be positively correlated
with WTAP (promotes RNA-binding capability of METTL3 [75]),
METTL14 (provides an RNA-binding scaffold [71]), and YTHDC2
(improving target mRNA translation efficiency, but reducing its abun-
dance [76]). Furthermore, METTL14 altered Notch 1, reducing its
carcinogenic effect [77]. Furthermore, LUZP2 was found to be negatively
associated with ALKBH5, an eraser that promoted mRNA export and
translation [78]. Both METTL3 [79] and HNRNPA2B1 [80], which were
positively correlated with LUZP2, were translation promoters in patients
undergoing RT. The contradictory result could be due to differences in
treatment methods. M1A and m5C play only a minor role in RNA
modification [70]. It has been demonstrated that the YTH protein family



Figure 2. Functional enrichment analysis and RNA modifications (A) the GO analysis results for PCa patients having radical prostatectomy in the TCGA database; (B)
the GO analysis results for PCa patients having radical radiotherapy in the GSE116918 [17] (C) the GSEA analysis results for PCa patients having radical prostatectomy
in the TCGA database; and (D) the GSEA analysis results for PCa patients having radical radiotherapy in the GSE116918 [17] (E) Radar plots demonstrating the
relationship between LUZP2 expression and the m1A marker gene for PCa patients undergoing radical prostatectomy; (F) Radar plots demonstrating the relationship
between LUZP2 expression and the m5C marker gene for PCa patients undergoing radical prostatectomy; and (G) Radar plots demonstrating the relationship between
LUZP2 expression and the m6A marker gene for PCa patients undergoing radical prostatectomy.; (H) Radar plot demonstrating the correlation of LUZP2 expression
with m1A marker genes in PCa patients undergoing radical radiotherapy in the GSE116918 [17]; (I) radar plot demonstrating the correlation of LUZP2 expression with
m5C marker genes in PCa patients undergoing radical radiotherapy in the GSE116918 [17]; (J) radar plot demonstrating the correlation of LUZP2 expression with
m6A marker genes in PCa patients undergoing radical radiotherapy in the GSE116918 [17]. H ¼ high-expression LUZP2; L ¼ low-expression LUZP2.
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Figure 3. DNA methylation and tumor immune microenvironment (A) radar plot showing the correlation between LUZP2 expression and immune checkpoints for PCa
patients undergoing radical prostatectomy in the TCGA database; (B) radar plot showing the correlation between LUZP2 expression and immune checkpoints for PCa
patients undergoing radical radiotherapy in the GSE116918 [17] (C) radar plot showing the correlation between LUZP2 expression and immune parameters for PCa
patients undergoing radical prostatectomy in the TCGA database; (D) radar plot showing the correlation between LUZP2 expression and immune parameters for PCa
patients undergoing radical radiotherapy in the GSE116918 [17] (E) drug sensitivity analysis of LUZP2; (F) the correlation of LUZP2 expression with cg24473393 (G)
the correlation of LUZP2 expression with cg213376598; (H) the correlation of LUZP2 expression with cg10345326 (I) the correlation of LUZP2 expression with
cg08068240; (J) the correlation of LUZP2 expression and methylation with tumor infiltrating cells. EXP ¼ expression; Met ¼ methylation; PCa ¼ prostate cancer.
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Figure 4. The effect of LUZP2 on biological behaviors
of PCa cell lines (A) RT-qPCR results showing the
mRNA expression of LUZP2 on tumor and normal
prostate cells; (B) RT-qPCR results of LUZP2 siRNAs
(C) effect of LUZP2 siRNAs on LNCap using CCK8
assay; (D) effect of LUZP2 siRNAs on C4-2 using CCK8
assay (E) effect of LUZP2 siRNAs on C4–2B using
CCK8 assay; (F) effect of LUZP2 siRNAs on PC3 using
CCK8 assay; (G) effect of LUZP2 siRNAs on DU145
using CCK8 assay. ****: p < 0.0001.
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of m6A readers, specifically YTHDF2, can bind to m1A with low affinity,
and it has been proposed as a potential m1A reader in cells [81]. In m1A
analysis, both RP and RT patients had a positive correlation between
LUZP2 and YTHDF3. TRMT6/TRMT61A form a complex that inhibits
translation [82]. TRMT61A, on the other hand, was discovered to be
negatively correlated with LUZP2 in the RP group, while TRMT6 was
discovered to be positively correlated with LUZP2 in the RT group.
Furthermore, in the RT group, YTHDF2, which mediates mRNA degra-
dation [83], was positively correlated with LUZP2. Only NSUN2 was
associated with mRNA modifications [84], promoting translation [85]
among the possible m5C factors we discovered. NSUN2 showed a posi-
tive and negative correlation in the RP and RT groups, respectively. We
discovered that RNA modification in the RP group was more likely to
promote translation, whereas it was more likely to inhibit translation in
the RT group. This difference could be due to whether or not the prostate
tissue was preserved. Overall, LUZP2 RNA modification inhibits trans-
lation and reduces protein production, resulting in less or poor antitumor
effects.

We discovered that LUZP2 expression was negatively associated
with most immune cells and positively associated with tumor purity,
which was consistent with the immune checkpoint analysis. LUZP2
expression was higher in PCa samples than in normal samples, similar
8

to the previous study [16], but overexpression of LUZP2 was signifi-
cantly associated with better prognosis. As a result, we hypothesized
that epigenetic regulation played a role in this phenomenon, which
could be supported by the discovery that silencing LUZP2 inhibited the
growth of enzalutamide-resistant C4-2 cells [16]. Furthermore, we
discovered that DNA methylation could reduce LUZP2 mRNA expres-
sion, and the correlations of tumor infiltrating lymphocytes with LUZP2
expression or methylation were inverse, supporting our hypothesis.
Overall, we proposed that epigenetic regulation, including RNA modi-
fications and DNA methylation, led to low LUZP2 expression and
further promoted TME (immune cells or stroma) and tumor cell
senescence, with tumor cell senescence being dominant. Furthermore,
we discovered that PCa patients with high-expression LUZP2 who un-
derwent RT had a higher risk of BCR than those who underwent RP. We
suspected that radiation-induced senescence played a role in this result
[10]. Bortezomib has been shown in previous studies to primarily
mediate the ubiquitin-proteasome pathway in the treatment of PCa [86,
87, 88, 89]. We discovered that LUZP2 is also involved in
ubiquitin-mediated proteolysis. Furthermore, Zheng et al. [90]
discovered that bortezomib inhibited PCa cell proliferation by inducing
apoptosis. Bortezomib, which targets LUZP2, could thus be a potential
therapeutic.
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As the global population ages in the coming decades, PCa in elderly
men will pose a significant disease burden. As mutual verification, our
study combined two high-throughput sequencing and microarray
sequencing platforms, and the identified LUZP2 was more robust. How-
ever, the mechanisms underlying immunosenescence and tumor senes-
cence must be investigated further.

5. Conclusions

From the perspective of senescence, we proposed a relatively
comprehensive understanding of the roles of LUZP2 on PCa.
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